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AZIMUTHAL ANISOTROPIESIN NUCLEAR FRAGMENTATIONA. D¡browska, M. Szarska, A. Trzupek, W. Wolterand B. WosiekHenryk Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived April 17, 2002)The dire
ted and ellipti
 �ow of fragments emitted from the ex
itedproje
tile nu
lei has been observed for 158AGeV Pb 
ollisions with thelead and plasti
 targets. For 
omparison the �ow analysis has been per-formed for 10.6AGeV Au 
ollisions with the emulsion target. The strongdire
ted �ow of heaviest fragments is found. Light fragments exhibit di-re
ted �ow opposite to that of heavy fragments. The ellipti
 �ow for allmultiply 
harged fragments is positive and in
reases with the 
harge of thefragment. The observed �ow patterns in the fragmentation of the proje
tilenu
leus are pra
ti
ally independent of the mass of the target nu
leus andthe 
ollision energy. Emission of fragments in nu
lear multifragmentationshows similar, although weaker, �ow e�e
ts.PACS numbers: 25.75.+r, 29.40.Rg1. Introdu
tionThe study of azimuthal anisotropy of 
harged parti
le emission from highenergy nu
lear 
ollisions has attra
ted a lot of interest from both experimen-talists and theorists. Su
h study should reveal whether the produ
ed mat-ter behaves 
olle
tively due to the 
ompression e�e
ts existing in the initialstage of the 
ollision. The 
olle
tive �ow observables may 
arry informationabout the degree of equilibration attained during the system evolution, onthe nu
lear equation of state and should re�e
t the spatial anisotropy of the
ollision zone in non-
entral nu
leus�nu
leus 
ollisions [1�4℄Data analysis at low and intermediate energies 
on
entrated on the deter-mination of the dire
tion of longitudinal �ow. At ultra-relativisti
 energiesthis �ow dire
tion 
oin
ides with the 
ollision axis and, therefore, the sear
hfor the 
olle
tive e�e
ts should be performed in the transverse dire
tion, inthe plane orthogonal to the 
ollision axis. Su
h studies have been performed(1949)
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leus�nu
leus data from AGS [5, 6℄ and SPS [7, 8℄ a

elerators, andre
ently also for Au+Au 
ollisions at RHIC energy [9�11℄. They 
on
en-trated on the sear
h for azimuthal anisotropies in the emission of produ
edparti
les.The analysis presented in this paper is fo
used on the sear
h for 
olle
-tive �ow e�e
ts in the emission of fragments from the ex
ited Pb proje
tilenu
leus in Pb intera
tions with heavy and light nu
lear targets at the energyof 158AGeV. The data will be 
ompared to the results obtained at lowerenergy, for Au 
ollisions with the emulsion target at 10.6AGeV.2. Experimental dataThe data were obtained from the EMU13 emulsion 
hambers exposed tothe Pb beam from SPS at CERN. Emulsion 
hambers, used in the EMU13experiment, were 
omposed of lead target foils and thin emulsion plates in-terleaved with spa
ers of varied thi
knesses. Details of emulsion 
hambersused in this experiment as well as irradiation 
onditions 
an be found else-where [12�14℄. A unique set-up of the emulsion 
hambers enabled pre
isemeasurements of emission angles and 
harges of all forward going parti
les.S
anning for minimum bias Pb+Pb and Pb+(C5H4O2) (plasti
 base ofemulsion plates) intera
tions was done under the mi
ros
ope in the upperpart of the emulsion 
hambers. Details of s
anning for Pb intera
tions 
anbe found in [12℄. This s
anning was ine�
ient in �nding very peripheral
ollision events, in whi
h a single nu
lear fragment is emitted whose 
harge isnot very di�erent from that of the primary Pb nu
leus. In order to avoid thiss
anning bias, the present analysis is restri
ted to the events 
hara
terizedby the 
harge 
hange �Z = Zp � Z1 > 14, for whi
h our s
anning was100% e�
ient (Zp denotes the 
harge of the proje
tile nu
leus and Z1 isthe 
harge of the heaviest fragment in an event). The samples of su
hsele
ted events will be referred to as semi-in
lusive samples. The above �Z
riterion was ful�lled by 435 Pb+Pb intera
tions and 484 Pb+PL1 
ollisions.For Pb+PL 
ollisions the sele
ted sample 
orresponds to 56% of the total
harge 
hanging nu
lear 
ross-se
tion. The sample of semi-in
lusive Pb+Pbintera
tions represents 64% of the total 
harge 
hanging nu
lear 
ross-se
tionand in
ludes the events of both ele
tromagneti
 and nu
lear origin [15℄.The �ow analysis 
on
erns parti
les emitted in the proje
tile frag-mentation region whi
h is de�ned by the 
ut in the polar emission angle,��3:8 mrad (� = � ln tan �=2 � 6:26=�frag). In this forward 
one multiply
harged fragments are 
hara
terized by their 
harges, Z. All singly 
hargedparti
les 
ontained in this 
one are referred to as singly 
harged spe
tators.1 In this paper we will use an abbreviation (PL) to denote the PLasti
 (C5H4O2) target.



Azimuthal Anisotropies in Nu
lear Fragmentation 1951We also extend the analysis to larger emission angles, �frag �1� � < �frag,where singly 
harged relativisti
 parti
les will be 
alled �pions�, althoughthey may represent a mixture of produ
ed pions and parti
ipant protons.In the plane (x; y) perpendi
ular to the 
ollision axis (z), the tra
k 
o-ordinate measurements were made with the pre
ision of about 0.2 �m overa distan
e of about 20 
m along the z-axis. Consequently, the a

ura
y ofthe measured tra
k opening angles (�; ') is mainly determined by the un
er-tainty in the event axis, i.e. the dire
tion of the primary nu
leus. For everyevent, the beam position in the plane perpendi
ular to the 
ollision axis wasde�ned as 
harge weighted 
enter of the tra
k 
oordinates. Fragments withZ � 10 were used to 
al
ulate the 
harge weighted 
enter. For events withthe 
harge of the heaviest fragment smaller than 10, the 
enter was 
al
u-lated from all multiply 
harged fragments. All multiply and singly 
hargedfragments were used for evaluating the beam 
enter in events with at mostsingle Z = 2 fragment.The data for gold nu
lei 
ollisions with the EMulsion (EM) target(Au+EM) at 10.6AGeV from the E868 experiment at AGS [16�18℄, usedfor 
omparison, were sele
ted by the same 
riterion �Z > 14. The sele
tedsample 
orresponds to 75% of most 
entral events of nu
lear origin. Thefragmentation region is de�ned by the �frag = 4:4 [18℄. The same pro
e-dure, as des
ribed above, was used to determine the (x; y) position of thebeam axis. 3. Analysis pro
edureThe most 
ommonly used method of the analysis of azimuthal aniso-tropies is based on the Fourier expansion of the distribution of the parti
leazimuthal angle, 'Ed3Ndp3 = 12� d2NpTdpTdy "1 + 1Xn=1 2vn 
os[n('�  R)℄# ; (1)where  R is the azimuthal angle of the rea
tion plane, de�ned by the im-pa
t parameter and the beam axis. The �rst term in the square bra
ketsrepresents the isotropi
 radial �ow. The Fourier 
oe�
ients, vn, measurethe anisotropy of the distribution. The �rst 
oe�
ient, v1 = h
os(' �  R)iis 
alled dire
ted �ow, the se
ond one, v2 = h
os[2(' �  R)℄i is referred toas the ellipti
 �ow. In this analysis the �ow 
oe�
ients, integrated overthe parti
le transverse momenta, are studied in the proje
tile fragmentationregion.



1952 A. D¡browska et al.From Eq. (1) it is evident that the most 
ru
ial part of any �ow study isthe ability to measure the rea
tion plane on an event-by-event basis. In thisanalysis, we follow the pro
edure proposed by Poskanzer and Voloshin [19℄,whi
h uses the anisotropi
 �ow itself to determine the event plane angle asthe experimental estimate of the rea
tion plane angle. For every event, both�rst harmoni
  1, and se
ond harmoni
  2, were determined by n = 1n tan�1�Pwi('i) sin(n'i)Pwi('i) 
os(n'i)� ; (2)where n = 1; 2, the sums go over all parti
les 
ontained in the proje
tile frag-mentation region (� � �frag) and 'i is the measured (laboratory) azimuthalangle of the i-th parti
le. Weights, wi, were used to remove the 
orrelationsdue to the a

eptan
e e�e
ts and/or other measurement related biases. Forthis analysis we use weights determined for ea
h ' bin as the inverse of the
harged weighted 
ontent of the i-th bin summed over all events. It shouldbe noted that our results are not very sensitive to the parti
ular 
hoi
e ofweights (even with setting all wi to 1), whi
h is understandable sin
e themeasured dN=d' distributions are pra
ti
ally uniform. However, with thisweighting, the event plane azimuthal angle distributions were �at withinthe statisti
s. For illustration see Fig. 1(a) and (b) where event plane angledistributions are shown for the semi-in
lusive sample of Pb+Pb 
ollisions.

Fig. 1. Distributions of the �rst  1 (a) and se
ond  2 (b) harmoni
 of the eventplane angle for Pb+Pb 
ollisions at 158AGeV. Lines show the 0-th order polyno-mial �ts to the data.



Azimuthal Anisotropies in Nu
lear Fragmentation 1953The experimental approximation of the true rea
tion plane angle by themeasured event plane angles Eq. (2) su�ers from the limited resolution due tothe the �nite number of dete
ted parti
les [19,20℄. Therefore, the resolution
orre
tions, rn, should be applied. They 
an be obtained from the 
orrelationbetween event plane angles determined for the two equal multipli
ity sub-events rn =q2h
os[n( an �  bn)℄i ; (3)where  an and  bn denote the event plane angles 
al
ulated from Eq. (2) forthe two sub-events: a and b. A fa
tor of 2 under the square root a

ountsfor the di�eren
e between event and sub-event multipli
ities. The sub-eventshave been 
hosen by randomly dividing all (
harge weighted) parti
les 
on-tained in the fragmentation region into two independent sets of parti
les.The determined resolution 
orre
tion fa
tors are 
lose to unity, indi
atingthat the sub-events are strongly 
orrelated. This is not surprising in thestudy in
luding multiply 
harged fragments, sin
e the presen
e of a singleheavy proje
tile fragment is su�
ient to pre
isely determine the rea
tionplane.As a �nal step, the �ow 
oe�
ients are 
al
ulated as v1=h
os('� 1)i=r1and v2=h
os[2('� 2)℄i=r2, where the bra
kets h i denote averaging over allevents, and bars refer to the averaging over all parti
les in a given event.The event quantities were obtained as 
harge weighted averages. In orderto remove the auto-
orrelation e�e
t, ea
h parti
le in a given event was
orrelated with the event plane angle determined from all the other parti
les.4. Results for semi-in
lusive 
ollisionsThe �ow 
oe�
ients, vn, were measured separately for the following par-ti
le types: singly 
harged fragments (Z = 1), helium fragments (Z = 2),light fragments (3 � Z � 6), medium-size fragments (7 � Z � 29) andheavy fragments (Z � 30). In addition, the �ow 
oe�
ients were also 
al
u-lated for �pions�, i.e. singly 
harged parti
les emitted in the pseudo-rapidityregion �frag � 1 � � < �frag. Table I lists v1 values for di�erent parti
lesfor Pb+Pb and Pb+PL 
ollisions at 158AGeV. For 
omparison the resultsobtained from the analysis of Au+EM 
ollisions at 10.6AGeV were alsoin
luded.The 
orresponding v2 
oe�
ients are quoted in Table II. It 
an be seenthat for pions the both �ow 
oe�
ients are very small. This indi
ates thatthese parti
les show a �ow e�e
ts smaller than about 1% whi
h is the limit ofour sensitivity, mainly due to the low event statisti
s. The e�e
ts observedfor fragmentation produ
ts are dis
ussed below.



1954 A. D¡browska et al. TABLE IDire
ted �ow 
oe�
ients, v1, 
al
ulated for di�erent parti
le spe
ies for semi-in
lusive Pb+Pb and Pb+PL 
ollisions at 158AGeV, and Au+EM 
ollisions at10.6AGeV. Parti
le Pb+Pb Pb+PL Au+EM158AGeV 158AGeV 10.6AGeVSpe
tators 0:012� 0:011 0:006� 0:008 0:024� 0:008Z = 1Helium 0:036� 0:019 0:026� 0:014 0:035� 0:011Z = 2Fragments �:245� 0:040 �:257� 0:033 �:165� 0:0243 � Z � 6Fragments 0:029� 0:046 �:027� 0:042 0:182� 0:0286 � Z � 29Fragments 0:553� 0:051 0:614� 0:033 0:589� 0:027Z � 30Fragments 0:305� 0:023 0:335� 0:019 0:335� 0:014Z � 3Pions 0:014� 0:011 0:006� 0:010 0:032� 0:008Z = 1 TABLE IIEllipti
 �ow 
oe�
ients, v2, 
al
ulated for di�erent parti
le spe
ies for semi-in
lusive Pb+Pb and Pb+PL 
ollisions at 158AGeV, and Au+EM 
ollisions at10.6AGeV. Parti
le Pb+Pb Pb+PL Au+EM158AGeV 158AGeV 10.6AGeVSpe
tators 0:012� 0:009 �:009� 0:006 0:004� 0:007Z = 1Helium 0:052� 0:018 0:037� 0:014 0:083� 0:011Z = 2Fragments 0:334� 0:036 0:322� 0:028 0:314� 0:0203 � Z � 6Fragments 0:621� 0:030 0:593� 0:025 0:585� 0:0176 � Z � 29Fragments 0:736� 0:034 0:664� 0:025 0:651� 0:019Z � 30Fragments 0:579� 0:024 0:544� 0:018 0:519� 0:013Z � 3Pions 0:009� 0:010 0:017� 0:010 �:008� 0:007Z = 1



Azimuthal Anisotropies in Nu
lear Fragmentation 1955The experimental azimuthal angle distributions measured with respe
tto the event plane angle  1 ( 2) are shown in Fig. 2 (Fig. 3) for Z = 1,Z = 2, and 3 � Z � 6 fragments for the three analyzed data samples. It
an be seen from Fig. 2 that for singly 
harged spe
tators the e�e
t of thedire
ted �ow is negligible. It starts to build up for helium fragments, wherea small indi
ation of the positive dire
ted �ow 
an be seen, leading to theslight ex
ess in the yield of parti
les at '�  1 = 0; 2�.

Fig. 2. Azimuthal angle distributions with respe
t to the event plane angle  1 forfragments with Z = 1 (left panel), Z = 2 (middle panel) and Z = 3 � 6 (rightpanel). Top, middle and bottom panels 
orrespond to the di�erent data samplesas indi
ated on the right side of the �gure. The distributions have been normalizedto an average value per bin of one.



1956 A. D¡browska et al.Interestingly, for light fragments (3 � Z � 6) this tenden
y is reversed,and the anti-�ow e�e
t (preferential emission at �) is 
learly seen. As 
anbe seen from Table I, the still heavier fragments again exhibit the positivedire
ted �ow. This anti-�ow signal observed for light fragments 
an be due toanti-
orrelations indu
ed by the momentum 
onservation. Indeed, in about85% of events with light fragments there is an a

ompanying signi�
antlyheavier fragment.The azimuthal angle distributions measured with respe
t to  2 (see Fig. 3)show a negligible asymmetry for singly 
harged fragments. For helium frag-ments the in-plane emission (v2 > 0) starts to show up, and for still heavierfragments the in-plane parti
le emission is very 
learly seen. The positivev2 values mean that the ellipse is aligned with the rea
tion plane.

Fig. 3. The same as in Fig. 2 but for azimuthal angle distributions measured withrespe
t to the se
ond harmoni
 of the event plane angle,  2.



Azimuthal Anisotropies in Nu
lear Fragmentation 1957The dependen
e of the �ow 
oe�
ients on the fragment 
harge is shownin Fig. 4. One 
an see that both v1and v2 
oe�
ients weakly depend on the
ollision system. This observation of the similar �ow patterns for fragmentsemitted from the ex
ited proje
tile nu
leus in di�erent 
ollision systems,suggests the 
ommon underlying me
hanism responsible for the fragmentemission. The observed dire
ted and ellipti
 �ow e�e
ts are negligible forZ � 2 fragments. For all data samples, the light fragments show systemat-i
ally the anti-�ow e�e
t in v1. The ellipti
 �ow signal in
reases with the
harge of the fragments, and the heaviest fragments show the 
onsiderablein-plane anisotropy of the order of 70%.
v1 v2

Fig. 4. Dire
ted (v1) and ellipti
 (v2) �ow 
oe�
ients as a fun
tion of the 
hargeof the fragment for Pb+Pb (full 
ir
les), Pb+PL (open 
ir
les) and Au+EM(triangles) semi-in
lusive 
ollisions.5. Flow analysis for nu
lear multifragmentationWe have also performed the Fourier analysis of the azimuthal angle dis-tributions of fragments emitted in the pro
ess of nu
lear multifragmentation.This pro
ess is 
hara
terized by the emission of at least three relatively lightfragments (Z � 30) and has been intensively studied due to its possible as-so
iation with the liquid�gas phase transition. The detail des
ription of thesele
tion of multifragmentation events 
an be found in [21℄. In [21℄ we haveshown that the properties of multifragmentation events, su
h as multipli
ityand 
harge distributions of fragments, do not depend on the mass of thetarget nu
leus for Pb intera
tions at 158AGeV, and also do not di�er fromthose measured for multifragmentation of gold nu
lei in Au+EM 
ollisionsat 10.6AGeV. It is interesting to see whether the same universality is ob-served in a more detailed study of the azimuthal anisotropies. So, the sameanalysis pro
edure was applied to the sele
ted multifragmentation events.In Fig. 5 the dependen
e of the �ow 
oe�
ients on the fragment 
harge isshown for the three data sets. For multifragmentation of Pb proje
tile in
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v1 v1

Fig. 5. The same as in Fig. 4, but for the samples of sele
ted multifragmentationevents.Pb+Pb 
ollisions the dire
ted �ow e�e
t is very small, even for the heav-iest analyzed fragments. For these heaviest fragments, the stronger signalis observed for Pb+PL and Au+EM data samples. The ellipti
 �ow signalin
reases with the fragment 
harge and shows a very weak dependen
e onthe proje
tile energy. The 
omparison to the results obtained from the studyof semi-in
lusive data samples is shown in Fig. 6. For Pb(158AGeV)+Pb
v1

v1

v1

v2

v2

v2

Fig. 6. Comparison of the dire
ted (v1) and ellipti
 (v2) �ow 
oe�
ients measuredin semi-in
lusive (full 
ir
les) and multifragmentation (open 
ir
les) events. Fromtop to bottom, the results for di�erent 
ollision systems are shown as indi
ated onthe right side of the �gure.



Azimuthal Anisotropies in Nu
lear Fragmentation 1959and Au(10.6AGeV)+EM 
ollisions the ellipti
 �ow e�e
ts are systemati-
ally weaker in multifragmentation as 
ompared to semi-in
lusive data sets.This observation is not so evident for the Pb(158AGeV)+PL 
ollisions.6. Summary and 
on
lusionsWe have presented the data on azimuthal anisotropies in the fragmentemission from the ex
ited proje
tile nu
lei in Pb+Pb and Pb+PL 
ollisionsat 158AGeV and for Au 
ollisions with the emulsion target at 10.6AGeV.The analysis has been performed for semi-in
lusive data sets as well as forsele
ted multifragmentation events.It should be noted that ele
troni
 experiments have no sensitivity to per-form the �ow measurements at the very small forward angles. The only highenergy data on azimuthal anisotropies in the emission of proje
tile fragmentswere shown in [22, 23℄, where strong �ow e�e
ts in nu
lear fragmentationwere reported. The dire
t 
omparison to the results presented in [22, 23℄ isnot possible sin
e they were based on the di�erent event sele
tions and thedi�erent analysis method.The main advantage of the analysis of �ow e�e
ts for nu
lear fragmentsis that the measurements of emission angles and 
harges of multiply 
hargedfragments ensure a rather pre
ise experimental determination of the rea
tionplane. This high a

ura
y is of vital importan
e for the analysis relied onthe Fourier de
omposition of the azimuthal angle distributions.A strong dire
ted �ow signal is observed in the emission of heaviestfragments in semi-in
lusive data samples. This signal was found to be inde-pendent of the mass of the target nu
leus and the energy of the fragmentingproje
tile. For very light fragments we observe a dire
ted anti-�ow e�e
tprobably due to the momentum 
onservation. The ellipti
 �ow signal in-
reases with in
reasing 
harge of the fragment, rea
hing the value of about70% for the heaviest fragments. The observed ellipti
 �ow patterns are in-dependent of the size of the system and primary energy. For all multiply
harged fragments the in-plane ellipti
 �ow is measured, indi
ating that atthese high energies the �ow of the spe
tator matter should not prohibit anin-plane �ow of the produ
ed parti
les. In fa
t the results on the ellipti
 �owof produ
ed parti
les are 
onsistent with the positive (v2 > 0) �ow signal inultra-relativisti
 nu
lear 
ollisions.Similar e�e
ts were observed for the sele
ted multifragmentation events,although the magnitude of the ellipti
 �ow is systemati
ally smaller as 
om-pared to the semi-in
lusive 
ollisions. The presented results show eviden
efor a universal pattern of the fragment emission in fragmentation pro
essesat ultra-relativisti
 energies.
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